A detailed study on the influence of particle size varied from 8 nm to 53 nm on the structural and magnetic properties of La 0.8 Sr 0.2 MnO 3Ϫ␦ has been done. The unit cell volume increases and the microstrain in the compound shows peak formation as the particle size decreases. Nano particles of La 0.8 Sr 0.2 MnO 3Ϫ␦ exhibit superparamagnetism whose blocking temperature has a nonlinear and logarithmic decreasing tendency as function of particle size and applied magnetic field, respectively. Evidence of formation of a magnetically dead layer at the surface has been found and the ratio of the thickness of the dead layer to the particle size increases exponentially with particle size. The coercivity of the nanoparicles increases manifold as particle size varies from 53 nm to 21 nm. In the single domain region the coercivity exhibits a d Ϫ1.125 behavior. The temperature dependence of the saturation magnetization shows strong collective excitation due to the spin wave that varies as T ␣ with ␣Ͼ␣ bulk of 3/2. Thus the spin wave does not follow the Bloch law in the case of nano particles of La 0.8 Sr 0.2 MnO 3Ϫ␦ .
I. INTRODUCTION
The magnetic properties of ultrafine granular systems is an interesting subject of research for both theorists and experimentalists. Granular magnetic systems exhibit interesting and complex properties and have the potential for technological applications that includes magnetic recording media, catalysts, medical diagnostics, pigments in paints etc. [1] [2] [3] In the traditional sense, granular ferromagnets are a mixture of two immiscible materials, one of which is a nano sized ferromagnetic particles and the other one is a nonmagnetic material of about the same size. Common examples are granular Cu-Co alloy, Co-SiO 2 granular films, etc. 4, 5 Parallel to this, there are also reports on the studies of an ensemble of ultra fine magnetic particles. [6] [7] [8] In both the cases considerable differences in the magnetization has been observed between the bulk and nanoparticles and have been attributed to the presence of nonmagnetic surface layer or due to disordered spin orientation in the surface.
The discovery of large magnetoresistance in the doped manganese perovskite compounds of the form R 1Ϫx A x MnO 3 , ͑Rϭrare earth and Aϭdivalent cation͒ have attracted much interest due to their potential technological applications. 9 The ground state of these compounds, is ferromagnetic and metallic and close to T C , undergoes a metalinsulator transition. The properties of these materials are explained by double exchange theory of Zener 10 and electron lattice interaction. 11 From an application point of view, the most interesting thing is that near metal-insulator transition these compounds show huge magnetoresistance that leads to the possibility of these materials to be used in technological applications. However, the requirement of a large applied magnetic field to achieve large magnetoresistance limits practical applicability of the manganese perovskites.
To achieve a low field high magnetoresistance, different extrinsic properties are manipulated. One of them in particular, is the grain size. In granular manganites, the magnetoresistance increases and is related to tunneling between neighboring grains. 12, 13 Very recently, a new approach has been taken where nanopowder of manganite is cold pressed into pellets that allow spin polarized electron transport but not exchange coupling. 14 Balcells et al. 15 showed that the low and high field magnetoresistance response of nano grains of La 2/3 S 1/3 MnO 1/3 could be explained by considering a noncollinear surface layer. Such a model is also suported by LopezQuintela et al. 16 in their recent work. Magnetic studies performed on ultrafine La 2/3 Ca 1/3 MnO 3 powder show superparamagnetic behavior and no low field magneoresistance is observed above the superparamagnetic blocking temperature. 17 Although studies of magnetoresistance have been done, a clear understanding of the magnetic properties of manganite nanoparticles is still lacking, which is essential for proper application purposes.
In the present article we report on the result of our detailed study of the magnetic properties of an ensemble of nanometer scale particles of the canonical double exchange ferromagnet La 0.8 Sr 0.2 MnO 3Ϫ␦ whose grain size varied from 8 to 53 nm. The main objective is to understand the variations of the different structural and magnetic properties as a function of the size of the particle and correlate them. Also information about the special properties of surfaces can be obtained from studies of ultrafine particles as in such a system relatively large fraction of the total number of atom reside in the surface. Our choice of the compound is governed by the fact that La 0. 8 3 , and MnO 2 powders of 99.9% or more purity were thoroughly mixed and then calcined for 12 h at 1000°C. The resulting powder was then pressed into pellets and sintered at 1280°C for 96 h with intermediate grindings. In order to obtain nanoparticles ͑NP͒ of LSMO, the bulk sample was subjected to high energy ball milling using a Fritsch Pulverisette 7 Planetary Mill. The sample was put in tungsten carbide vial and ten 10 mm tungsten carbide balls were used for grinding. In order to get a narrow and uniform particle size distribution, the grindings were carried out in wet media by pouring few milliliters of ethyl alcohol in the vials. A rotational speed of 500 rpm was chosen and the ball mill was paused every hour to avoid overheating. The sample was ground from 0 h to 80 h and a small portion of the sample was taken out after 4, 8, 12, 16, 48 , and 80 h for structural and magnetic measurements.
X-ray diffraction ͑XRD͒ measurements were performed on all the samples using a Rigaku diffractometer of 12 kW x-ray generator and Cu K␣ radiation. A scanning rate of 0.015°/s was adopted and the data were taken at room temperature in the 2 range of 20-85°. Refinement of the diffraction data was done using the Rietveld powder diffraction profile fitting technique. 18 The magnetic measurements were done by a Quantum Design SQUID magnetometer in the temperature range of 5-400 K and applied fields up to 5.5 T. Both zero field cooled ͑ZFC͒ and field cooled ͑FC͒ magnetization were measured. The transition temperature T C of the bulk sample was determined from the maxima of the dM /dT versus T curve.
III. RESULTS AND DISCUSSIONS

A. Structural properties
Room temperature x-ray diffraction of bulk LSMO shows the formation of homogeneous single phase compound with rhombohedrally distorted perovskite structure in the space group R3c. Figure 1͑a͒ shows a typical x-ray powder diffraction pattern for the LSMO. The cross points are the actual data and the calculated curve is superposed on it. The Mn-O bond length and bond angle were found to be equal to 1.964 Å and 164.3°. These values agree very well with published result ͓see, for e.g., Ref. 9͔. Figure 1͑b͒ shows the XRD pattern of the LSMO compound with increasing milling time ͑i.e., decreasing grain size͒. The diffraction pattern gradually broadens out as the particle size goes down. However, the crystalline structure is maintained even for 80 h milled sample. No additional significant impurity lines are observed to emerge with increasing milling time indicating that the contamination between sample and the vial is negligible. Along with line broadening there is also an increase in background scattering with milling time that is ascribed to an increase in the defects and surface roughness of the NP due to the high energy ball milling process.
Since the diffraction line broadening takes place due to both particle size and strain 19 using the simple Scherer equation results in an over estimation of the particle size. Moreover, in the present case, since the high energy ball milling introduces considerable strain in the compound, the contribution of strain to the diffraction line broadening is not negligible. Considering that the particle size and microstrain follow Gaussian distribution, one way to extract the particle size and strain is to use an exact Voigt function as fitting equation. It has been shown that for the above function, by using two reflections from the diffraction pattern, the size and strain could be determined using the Warren Averbach relation. Based on the above methodology Balzar 20 developed a code ͑BREADTH͒ to calculate the particle size and strain. The ͑104͒ and ͑024͒ lines of the diffraction pattern were used to calculate the particle size and microstrain. Figure 2͑a͒ shows the plot of particle size versus milling time. The particle size decreases very rapidly from 53 nm ͑0 h͒ to 21 nm during the first 4 h. Then the rate of decrease of size decreases with increasing milling time. As is shown in Fig.  2͑a͒ it takes about 32 h to decrease the particle size from 10 nm to 8 nm. Thus it seems that there is a minimum size below which it becomes very difficult to obtain NP of LSMO using the ball mill method. This is quite evident because of the strain hardening that requires increasing energy to break the particles as the size decreases. But since the ball mill can impart only a fixed energy ͑for constant speed͒, the minimum size particle is obtained when the energy needed to break the particles become comparable to the strain hardening. This argument also seems to be validated by Hall-Petch relationship 21 which is given by
, where y is the strain, 0 and k are constant and d is the average grain diameter. It can be seen from the above equation that the small particle size itself become a hindrance to achieve further refined particles. The roughness of the wall of the vial also plays a role in defining the minimum particle size. For if the particle size becomes smaller than the average roughness of the vial wall, the area of contact between the grinding balls and the grains is very small at the walls. Hence the net impact of the balls on the grains is small whose size then remains unchanged. Figure 2͑b͒ shows the variation of the microstrain as function of the particle size. The breaking down of the particle results in an increase of the microstrain which attains a maximum value for the particle size of 15 nm with the microstrain value of 8 nm and 21 nm particles being the same. Such a behavior has also been observed for intermetallic compound AlRu 22 and Cu ͑Ref. 23͒. In the initial stages of the ball milling, the decrease of the particle size is associated with an increase of the dislocation densities. Since the microstrain generally follows the features of dislocation density, it increases as the grain size decreases. In addition to dislocation, particle size reduction also takes place at a lower stress by a gliding motion along the grain boundaries. 24 When the particles are big, the grain boundary contribution to the microstrain is very small. However, as the particle size decreases the grain boundary increases relatively and act as barrier to the dislocation motion. As a result the dislocation density reaches saturation and below a particular grain size, further particle size reduction takes place through gliding motion along grain boundaries. The overall effect is then a reduction of the microstrain as shown in Fig. 2͑b͒ .
The unit cell volume increases as the particle size reduces ͓Fig. 2͑c͔͒. The unit cell volume increases slowly in the initial stages of the ball milling process and for the particle sizes below 15 nm the unit cell volume increases abruptly. Increase of lattice parameters for nanoparticles of some oxide compounds is reported as the particle size goes down. 25 One reason could be increase of the ratio of surface to volume with decreasing particle size. This results in an increased number of broken Mn 3ϩ -O-Mn 4ϩ bond causing an increase in the ionic character. Such a situation can give rise to an unpaired electronic orbital at the surface which might repel each other and give rise to increased lattice constant compared to the bulk in order to attain stability. Since the surface contribution increases with decreasing size, the overall lattice expansion also increases. The observance of sudden rise of lattice parameter below 15 nm is therefore likely a result of the increase of the surface lattice parameters. In addition, due to increased anharmonic vibrations the thermal expansion coefficient of the grain boundary is larger than the bulk. 26 Therefore the increase of unit cell volume at the surface will be more compared to the bulk. Since the surface to volume ratio increases as the size decreases, the surface lattice parameter contribution to the overall lattice parameter also increases. This explains the overall increase of unit cell volume as the particle size decreases for NP of LSMO. 
B. Magnetic properties
The zero field cooled temperature variation of the magnetization of the nanoparticles of LSMO is shown in Fig. 3 . The inset shows the thermomagnetic data for 53 nm LSMO which is a ferromagnet with T C ϭ325 K. For the other nanoparticles, there is a huge reduction of the magnetization. Such a drastic decrease of the magnetization could be explained by considering a nonmagnetic layer on the surface, the thickness of which increases as the particle size goes down ͑as is shown later͒. It is interesting to note that the temperature at which the nanoparticles become paramagnetic is the same for all the particles. This indicates that the magnetization contribution comes from the core and that the stoichiometry of the core is same as that of the 53 nm LSMO. The magnetization versus temperature plot shows superparamagnetic behavior for all the LSMO nanoparticles. 17 The nanoparticles of LSMO pass through different magnetic states ͑shown by dashed line͒ as the temperature varies from 5 to 400 K. The individual particles are ferromagnetic and the moment of all the randomly oriented particles average out to be zero. At the lowest temperature of 5 K, when the field is applied, the particles try to align in the direction of the field. But since in general, the easy axis and the applied field direction is not same, only a component of the magnetization vector is observed along the field direction. As the temperature is increased, the particles gradually orient along the field increasing the overall magnetization. A peak in therefore observed in the M (T) curve and the temperature at which the peak occurs is called the blocking temperature T B . The region I is therefore the blocking region. In region II (TϾT B ) the temperature is high enough so that the particles no longer are aligned towards the field and start getting disoriented resulting in net decrease of magnetization as temperature increases. But the moment within each individual particle is still aligned. This is the superparamagnetic region. Above T C ͑region III͒ the moments in individual particles get disordered and the material becomes paramagnetic. Figure 4͑a͒ shows a nonmonotonic decrease of the blocking temperature T B from 130 K for 23 nm NP to 65 K for the 8 nm LSMO nanoparticles. The inset of Fig. 4͑a͒ shows a typical ZFC/FC magnetization versus temperature curve of the NP. The ZFC/FC curve clearly shows the presence of a peak in ZFC curve, and FC magnetization has an irreversible behavior below the peak temperature. This indicates that below the peak temperature the magnetic system goes onto a disordered blocked state. The blocking temperature had been determined from the peak of the ZFC curve. We also note that the obtained T B is the average of the T B 's within the sample because of finite size distribution of the particle size. For an ensemble of noninteracting fine magnetic particles, the blocking temperature is given by
where K u is the uniaxial anisotropy constant, V is the volume of the particle, and o is a characteristic time. 27 It is easily seen from the above equation that T B increases with particle size. The nonlinear behavior of T B with the volume ͓Fig. 4͑a͔͒ could be due to additional contributions like dipolar interactions that would cause T B to vary as 1/r 3 , where r is the distance between two magnetic NP. 28 The variation of anisotropy constant due to several factors like shape, stress, etc., also contributes to the overall behavior of T B .
The coercivity of the NP at 10 K is shown in Fig. 5 . The coercivity increases from 11 G in 53 nm LSMO to 443 G for 24 nm particles of LSMO. But once in the single domain region, the coercivity decreases with decreasing particle size. In 53 nm LSMO, there are multidomains that make the anisotropy energy small. When particle size is in single domain region, there is a relative increase of the surface compared to the particles that have multidomains. Due to large number of broken bonds and surface stress the surface anisotropy term could become large. Furthermore, in oxide nanoparticles there is a strong interaction between the core and surface. These cause an overall increase of anisotropy constant resulting in increase of coercivity. In the inset the variation of the coercive field with the size of single domain LSMO NP is shown. The coercive field grows rapidly from 8 nm particles to 13 nm and the rate of increase becomes very low for 15 nm and higher sized NP. When the particle size becomes very small ͑single domain region͒, the energy barrier separating the two energetically degenerate magnetic orientations is small. Thus at any temperature the thermal activation is enough to switch the magnetic orientation. Hence the coercivity decreases with decreasing particle size for single domain particles. For random three-dimensional ͑3D͒ uniaxial single domain particles, the coercive field is given by,
where d and T are the particle size and temperature. 29 For particles with size greater than d S , the coercive field varies as d Ϫ3/2 . Following a similar argument we have done a fit to our data and the result is shown in the inset of Fig. 5 . We obtained a fitting equation that is given by
Clearly instead of d Ϫ1.5 variation we observe a d Ϫ1.125 behavior. The maximum coercive field obtained is 543 G which is realized in the limiting case of d→ϱ. The critical size is obtained as d S ϭ6 nm. For all small particles of La 0.8 Sr 0.2 MnO 3Ϫ␦ with d greater than 6 nm, H C ϾH C ͑6 nm, T͒. It may, however, be noted that there exists an upper limit for the size of the particles above which multidomain starts forming and causes the coercive field to decrease. As a result coercive field of 543 G is never realized. Figure 6 shows the variation of the saturation magnetization M S as function of NP size at a temperature of 5 K. The decrease of M S with decreasing NP size could be explained by considering the presence of a noncollinear magnetic outermost shell of thickness ''t'' that increases relatively with decreasing particle size. 6, 15, 16 As the particle size decreases the ratio of thickness of the outer layer to the particle size increases. Considering that the outer layer has no net moment, the net moment decreases as the particle size goes down. In the inset of Fig. 6 we have plotted the variation of the t/size ratio with the particle size. An exponential increase of the t/size ratio is observed in accordance with the fitting equation t/sizeϭConstϩ0.55046* exp͑Ϫsize/5.51518͒, where Constϭ0.0648 is the baseline offset.
It might be noted that a direct consequence of the increase of the ratio is increase of resistivity. Due to increased ratio of the noncollinear spins, the resistivity due to spin scattering also increases resulting in an increased resistivity. Increase of resistivity by decreasing particle size has been reported by many authors. 14, 15, 16 In order to understand the behavior of NP in the presence of field, applied magnetic field dependent experiments were performed for LSMO with particle size of 12 nm. Figure 7 shows the variation of blocking temperature T B versus applied magnetic field. The blocking temperature decreases with increasing applied magnetic field. Since the blocking temperature equals the energy that the moment requires to get aligned along the field, so in addition when an external field is applied, the energy of the barrier decreases to KV ϪH, where, K is anisotropy constant. The moment there- fore requires less energy to get itself aligned along the field. As a consequence the blocking temperature also decreases. A logarithmic behavior of T B with applied magnetic field is reported by Li et al. 17 The T B in our case have also been fitted well by
However, in case of Co-Ag system it has been found that T B has a quadratic dependence on H. 30 At this stage we are not sure as to why the difference has come up. From the above fitted equation it could be seen that at very low field the blocking temperature of LSMO nanoparticles are very high ͑Ϸ250 K͒. This therefore could have important technological application. In the inset we have shown how the shape of the curve changes as the applied field is increased. Apart from the shift of the peak towards lower temperatures at higher fields, the curves broaden out at lower applied fields. The broadening of the curves at low fields reflects the distribution of the particle sizes. At low enough fields, the energy gained due to the field is small and the unblocking takes place mainly due to temperature increase. Consequently the rate of unblocking is slow. Eventually the temperature is high enough so that all the particles are unblocked and the superparamagnetism is observed. The rate is increased as the contribution of field to the unblocking process increases. Figure 8 shows the behavior of the saturation magnetization M S versus temperature for 12 nm LSMO nanoparticles. The M S value is obtained by extrapolating the applied magnetic field H→ϱ and finding the magnetization from the M (H) curve. In the case of Heisenberg spin clusters, the temperature dependence of magnetization including finite size effects is given by a power law of the form
A fit to the magnetization data is shown in Fig. 8 , and ␣ϭ1.66. The magnetization therefore does not follow Bloch's T 3/2 law but rather it follows T 1.66 law. The slightly greater value of ␣ compared to the bulk value ͑3/2͒ is consistent with the theory as described in Ref. 31 and is due to effect of small particle size. Therefore, ␣ increases as the particle size decreases. The value of B is greater than the bulk value. This is most likely due to an increased interaction among the neighboring spins resulting in an increased moment in the nanoparticles as compared to the bulk sample.
IV. CONCLUSIONS
The structural and magnetic properties of the nanoparticles of La 0.8 Sr 0.2 MnO 3Ϫ␦ have been studied in great detail. The properties of nano-LSMO have been found to be influenced increasingly by the surface properties as the particle size goes down. The particles show increasing strain hardening as the size of the particles decrease. As a result there exists a minimum particle size below which smaller nanoparticles are not possible to obtain using ball mill method. The minimum particle size depends on various parameters of the ball mill. The unit cell volume increases as the particle size decreases. The evolution of microstrain as a function of particle size shows a peak at around particle size of 15 nm and is due to change in the contribution to the strain from dislocation densities to gliding action along grain boundaries. Thermo-magnetic measurements show that fine particles of LSMO exhibit superparamagnetic behavior with a blocking temperature that has a nonlinear behavior as function of the particle size. A sharp decrease in magnetization for nanogranular LSMO indicates formation of magnetically dead layer at the surface. The thickness of such a magnetically dead layer had been found to have a logarithmic dependence on the particle size. The coercivity of the nanoparticles of LSMO increases manifold as the LSMO particle size decrease from 53 nm to 21 nm. This indicates that nano-LSMO could be very important from technological point of view. The temperature dependence of magnetization in the case of nano-LSMO follows a power law of the form T ␣ where ␣Ͼ3/2. Thus collective excitations are observed but due to finite size effects they do not follow Bloch law.
From our study it becomes evident that in the study of nanoparticles of LSMO the surface plays a very important role. Since at the surface there are many broken symmetries, so the properties are very different. It is therefore very important to characterize the surface of the nanoparticles of LSMO. Further experiment is needed to understand the spin disorder mechanism at the surface. It would be interesting to do x-ray scattering studies on the nanoparticles to gain insight into the surface. 
